Les Houches Lectures on Physics Beyond the Standard Model of Cosmology by Khoury, Justin
Les Houches Lectures on Physics
Beyond the Standard Model of
Cosmology
Justin Khoury
Center for Particle Cosmology, Department of Physics and Astronomy,
University of Pennsylvania, Philadelphia, PA 19104
In these Lectures, I review various extensions of the Λ-Cold Dark Matter (ΛCDM) model,
characterized by additional light degrees of freedom in the dark sector. In order to repro-
duce the successful phenomenology of GR in the solar system, these fields must effectively
decouple from matter on solar system/laboratory scales. This is achieved through screening
mechanisms, which rely on the interplay between self-interactions and coupling to matter
to suppress deviations from standard gravity. The manifestation of the new degrees of free-
dom depends sensitively on their environment, which in turn leads to striking experimental
signatures.
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1Introduction
Cosmology can rightfully claim to have a standard model: the ΛCDM model. With
roughly 4.5% baryonic matter, 26.5% dark matter, and 69% vacuum energy, this model
provides an exquisite fit to all known cosmological data. (For a review, see Jain and
Khoury (2010).) Its empirical success lies in its parsimony — only a handful of param-
eters are required to fit observations. As a result, it is highly predictive: the ΛCDM
expansion and growth histories are tightly correlated, leaving essentially no wiggle
room to account for possible discrepancies.
The discomfort with ΛCDM among theorists is of course one of naturalness. The
inferred value of the cosmological constant requires an absurb conspiracy among its
various contributions. This is the famous Cosmological Constant (CC) problem. More
compelling is the possibility of new physics associated with dark energy, which would
stabilize the vacuum energy at its observed value. A parallel with the weak hierar-
chy problem in particle physics seems appropriate. The recent discovery of the Higgs
particle represents the crowning achievement of the Standard Model. The Standard
Model is now complete, but leaves us with an unnaturally low value for the Higgs
mass. Either the Higgs mass is fine-tuned, or it is stabilized by new physics (such as
supersymmetry) at the weak scale.
The naturalness problem afflicting cosmology is in some sense more robust than its
particle physics counterpart. Indeed, the weak hierarchy problem stems from radiative
corrections to the Higgs mass from hypothetical particles beyond the weak scale. In the
case of the CC problem, however, vacuum energy contributions from known particles,
such as the electron, are already problematic. Furthermore, the required solution for
the CC problem is arguably more radical. While the proposed solutions to the weak
hierarchy problem — supersymmetry, technicolor — are by no means trivial, they both
fit within the standard framework of local quantum field theory. As shown by Weinberg
(1989), on the other hand, no dynamical solution to the CC problem is possible within
General Relativity (GR).
Let us begin with a lightning review of the CC problem.
1.1 The Cosmological Constant Problem
A precise calculation of the vacuum energy of course requires knowledge of physics all
the way to the Planck scale. Within the effective field theory framework, however, one
can calculate robust low-energy contributions to get a sense for the required degree of
fine-tuning.
Consider the vacuum energy of a scalar field of mass m, ignoring interactions. Each
quantum contributes an energy Ek =
1
2
√
~k2 +m2. Integrating over all quanta below
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some cutoff ΛUV, the energy density is
〈ρ〉 =
∫ ΛUV
0
d3k
(2pi)3
1
2
√
~k2 +m2
' 1
16pi2
(
Λ4UV +m
2Λ2UV −
m4
2
log
(
ΛUV
m
)
+ finite
)
,
where in the last step we have used the fact that the integral peaks close to ΛUV,
and expanded the integrand in powers of m/k. The first two terms, which diverge as
a power of ΛUV, depend sensitively on the UV physics. They would be absent, for
instance, if one used instead dimensional regularization. The log term, on the other
hand, is regulator-independent and represent a robust, low-energy contribution to the
cosmological constant.
The UV-insensitive contribution from all particles with masses mi  ΛUV is there-
fore given by
〈ρ〉 = − 1
32pi2
∑
i
(−1)Fim4i log
(
ΛUV
m
)
, (1.1)
where the sum is over all particle species, and Fi is the fermion number. The electron
contribution, for instance, is
ρe ∼ m4e ∼ 1033 meV4 , (1.2)
which is of course orders of magnitude larger than the observed value of ∼meV. This
is the essence of the CC problem. The robust, low-energy contributions from known
particles are unacceptably large. A tremendous cancellation must occur between these
contributions and (unknown) high energy contributions to generate the observed value
of the vacuum energy.
An old idea is to postulate that the vacuum energy is effectively time-dependent,
and that there is some kind of relaxation mechanism driving the vacuum energy to
small values at late times. Indeed, we need only explain why the vacuum energy is
small now, not in the very early universe. Unfortunately, as shown long time ago
by Weinberg (1989), such a mechanism is impossible, under the key assumption that
gravity is described by GR. A possible loophole is therefore to go beyond GR, which
inevitably introduces new degrees of freedom (Feynman et al., 1996; Weinberg, 1965;
Deser, 1970; Khoury et al., 2012; Khoury et al., 2013).
1.2 Why screen?
Although no compelling mechanism has been found to date, we can robustly infer two
necessary properties of these degrees of freedom. For concreteness, let us assume they
are scalars. Firstly, to neutralize Λ to an accuracy of order ∼ H20M2Pl ∼ meV4, the
scalars must have a mass at most comparable to H0,
mφ ∼< H0 . (1.3)
Otherwise, if they were much more massive, they could be integrated out and thus
would be irrelevant for the low energy dynamics.
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Fig. 1.1 The tadpole diagram (on the left) involving the scalar field (dotted line) attached
to Standard Model fields (solid line) running in the loop is necessary in order to neutralize
the Standard Model vacuum energy contribution. By unitarity, the tree-level diagram (on the
right) with a scalar exchanged by Standard Model fields is also allowed, implying that the
scalar field mediates a 5th force that must therefore be screened.
Secondly, these scalars must couple to Standard Model fields, since Standard Model
fields contribute O(TeV4) to the vacuum energy. In other words, the tadpole diagram
shown in Fig. 1.1 must be present in the theory. But by unitarity, so must the ex-
change diagram. Hence φmediates a force between Standard Model fields, whose range,
given (1.3), is comparable to the present Hubble radius. If left unabated, such a long-
range force would generically lead to significant deviations from General Relativity in
the solar system, in conflict with well-known constraints from tests of gravity (Will,
2006).
Thus we are led to conclude, on very general grounds, that these scalars must ef-
fectively decouple from matter on solar system/laboratory scales in order to reproduce
the successful phenomenology of GR. This can be achieved through screening mecha-
nisms, which rely on the high density of the local environment (relative to the mean
cosmological density) to suppress deviations from standard gravity. In what follows
we will describe 3 general classes of screening mechanisms and highlight some of their
characteristic properties.
Besides cosmology and the CC problem, screening mechanisms are also motivated
by the vast experimental effort aimed at testing the fundamental nature of gravity on
a wide range of scales, from laboratory to solar system to extra-galactic scales. For
a review, see Will (2006). As we will see below, viable screening theories make novel
predictions for local gravitational experiments. The subtle nature of these signals have
forced experimentalists to rethink the implications of their data and have inspired the
design of novel experimental tests. The theories of interest thus offer a rich spectrum
of testable predictions for ongoing and near-future tests of gravity.
2Screening Mechanisms: A Brief
Overview
The broad classes of screening mechanisms surveyed here can all be encompassed in
the general action
L =
M2Pl
2
RE + Lφ(φ, ∂φ, ∂
2φ) + Lm
[
A2(φ)gEµν , ψ
]
, (2.1)
where M2Pl = 1/8piGN, and all indices are contracted with the Einstein-frame metric
gEµν . For simplicity, we have assumed that the scalar couples conformally and uni-
versally to matter fields described by Lm.
1 In particular, matter particles universally
follows geodesics of the Jordan-frame metric
gJµν = A
2(φ)gEµν . (2.2)
In most situations of interest, save of course for cosmological evolution, we will see
that the field excursions are small in Planck units, i.e. ∆φ  MPl. (For chameleons,
this is true even cosmologically, as shown in Wang et al. (2012).) We are therefore
justified in linearizing2 the coupling function A(φ):
A(φ) ' 1 + gφ
MPl
. (2.3)
The dimensionless coupling g is generally assumed to be O(1), corresponding to
gravitational-strength scalar force. In the Newtonian approximation, (2.2) and (2.3)
imply the following relation between Jordan-frame and Einstein-frame Newtonian po-
tentials (defined as usual by g00 = −(1 + 2Φ)):
ΦJ = ΦE +
gφ
MPl
. (2.4)
This will prove useful in physically interpreting the different screening conditions.
1With chameleons (Khoury and Weltman, 2004b; Khoury and Weltman, 2004a), one can more
generally assume different couplings to different matter species, thereby explicitly violating the weak
equivalence principle. We also ignored the possibility of disformal coupling, e.g. Koivisto et al. (2012).
2An important exception is the symmetron (Hinterbichler and Khoury, 2010; Olive and Pospelov,
2008; Pietroni, 2005; Hinterbichler et al., 2011a; Brax et al., 2011a) and varying-dilaton (Brax et al.,
2011b) mechanisms, where a φ → −φ symmetry precludes the linear term in A(φ). Instead, A(φ) '
1 + gφ2/M2 in those cases. In practice, the phenomenology of the symmetron is qualitatively similar
to that of the chameleon, so for simplicity we focus our discussion to the linear coupling (2.3).
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For situations relevant to tests of gravity, we can ignore the backreaction of the
scalar onto the metric, and approximate φ as evolving on Minkowski space-time. More-
over the matter can be treated as a non-relatisvistic source, with negligible pressure.
In this approximation, the Lagrangian relevant for the scalar dynamics is
Lscalar = Lφ(φ, ∂φ, ∂
2φ)− gφ
MPl
ρm , (2.5)
where indices are now contracted with ηµν . A first requirement on Lφ is that it must
describe a single degree of freedom, i.e., its equations of motion must be second-
order in time. The most general such Lagrangian (coupled to gravity) was discovered
decades ago by Horndeski (1974). See Deffayet et al. (2011) for a recent derivation.
A second requirement is that the scalar should develop non-linearities in the presence
of sufficiently massive/dense sources, in such a way that its effects are mitigated. It
turns out there are three qualitatively different ways to do so, described below.
• Chameleon (Khoury and Weltman, 2004b; Khoury and Weltman, 2004a):
In this example, the scalar Lagrangian consists of a standard kinetic term plus
potential:
Lφ = −1
2
(∂φ)2 − V (φ) . (2.6)
Since the interactions are governed by a potential, whether or not the scalar de-
velop non-linearities depends on the local value of φ. In other words, the screening
condition in this case is schematically of the form
φ < φc . (2.7)
We will see in Sec. 3 that the critical value φc depends on the local gravitational
potential. A useful rule of thumb to ascertain which regions of the universe are
screened or unscreened is to map out the Newtonian potential smoothed on some
scale. Screened regions correspond to ΦJ > Φc.
A recurring theme of all screening mechanisms is that their strong coupling scale is
rather low, i.e., comparable or lower than the meV dark energy scale. In the case
of chameleons, perturbative unitarity breaks down at the meV scale (Upadhye
et al., 2012):
Λs ∼ meV . (2.8)
A drawback of this screening mechanism is that Lφ has no particular symmetry,
hence one would not expect V (φ) to be protected under radiative corrections.
This issue has been analyzed in detail recently in Upadhye et al. (2012), where
it was found that keeping quantum corrections under control imposes an upper
limit on the chameleon mass in the local (laboratory) environment. The upper
limit is very general and insensitive to the details of the potential. Remarkably,
for gravitational-strength coupling (g ∼ O(1)), a factor-of-two improvement over
the current experimental bounds on the range of a scalar fifth force would rule
out all viable chameleon models.
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On the plus side, since chameleons are described by canonical scalar fields with
self-interaction potentials, they in principle admit a standard Wilsonian UV com-
pletion. Unlike the other mechanisms described below, they do not suffer from su-
perluminality issues. Ideally one would like to see an explicit UV-complete realiza-
tion of this mechanism in string theory. As a first step in this direction, Hinterbich-
ler et al. (2011b) presented a scenario for embedding the chameleon mechanism
within supergravity/string theory compactifications. (See Nastase and Weltman
2013b; Nastase and Weltman 2013a for related work, and Brax and Davis 2012;
Brax et al. 2013 for other supersymmetric extensions of chameleon, symmetron,
and varying-dilaton theories.) In this approach, the chameleon scalar field is iden-
tified with a certain function of the volume modulus of the extra dimensions. In
follow-up work, Hinterbichler et al. (2013b) extended the scenario and showed
that, with suitable generalization of the superpotential and Kahler potential, the
volume modulus can also drive slow-roll inflation in the early universe.
The last generic property of chameleons pertains to their cosmological impact. It
was shown recently by Wang et al. 2012; Brax et al. 2012 that for a general class of
chameleon, symmetron and dilaton theories, the range of the scalar-mediated force
can be at most ∼ Mpc. Hence, it has negligible effect on density perturbations
on linear scales. Nevertheless, the chameleon mechanism remains interesting as
a way to hide light scalars suggested by fundamental theories. The way to test
these theories is to study small scale phenomena, as we will see in Sec. 3.2.
• Kinetic/K-mouflage (Babichev et al., 2009; Dvali et al., 2011):
In this case, the scalar interactions are governed by a ‘kinetic’ function P (X),
where X = −(∂φ)2/2. The prototypical example is
Lφ = −1
2
(∂φ)2 − L
2
4M2Pl
(∂φ)3 . (2.9)
Whether or not φ becomes non-linear near a source clearly depends on its local
gradient, i.e., the screening condition in this case takes the form
|∂φ| > L−1MPl . (2.10)
In light of (2.4), the screening condition can equivalently be cast as a condition
on the local gravitational acceleration, |∇ΦJ| > |~ac|. A useful rule of thumb to
ascertain which regions of the universe are screened or unscreened is to map
out the gravitational acceleration smoothed on some scale. Cosmologically, the
departures from standard gravity are most pronounced on scales ∼> Mpc, that is,
on linear scales.
Choosing L ∼ H0, the strong coupling scale is conveniently of the order of the
dark energy scale:
Λs ∼
√
L−1MPl ∼ meV . (2.11)
The scalar field enjoys a shift symmetry
φ→ φ+ c . (2.12)
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This is mildly broken by the coupling to matter, but given the low value of the
cutoff, loop corrections to the mass are small, i.e., δmφ ∼ Λ2s/MPl ∼ H0, which is
potentially interesting for late-time cosmology.
Screening only works for the particular sign of the (∂φ)4 term given in (2.9).
Indeed, assuming spherical symmetry, the equation of motion outside a point
source of mass M reduces to, upon using Gauss’ law,
dφ
dr
(
1 +
L2
M2Pl
(
dφ
dr
)2)
=
gM
4pir2MPl
. (2.13)
Screening relies on the non-linear term dominating close to the source. Very far
from the source, on the other hand, the equation is to a good approximation linear.
Only for this particular choice of sign can the linear and non-linear regimes match
continously. Unfortunately, this choice of sign implies that radial perturbations
on top of this background propagate superluminally. Correspondingly, the 2→ 2
amplitude computed from (2.9) fails to satisfy the standard analyticity properties
of local quantum field theories (Adams et al., 2006).
• Vainshtein (Vainshtein, 1972; Arkani-Hamed et al., 2003; Deffayet et al., 2002):
In this case, the scalar interactions involve second-derivatives of φ. The prototyp-
ical Lagrangian is the so-called cubic Galileon (Deffayet et al., 2002; Luty et al.,
2003):
Lφ = −1
2
(∂φ)2 − L
2
MPl
2φ(∂φ)2 . (2.14)
Whether or not φ develops non-linearities near a massive source, that is, whether
or not the cubic term is large compared to the kinetic term, depends on the
magnitude of 2φ. The screening condition is
|∂2φ| > L−2MPl . (2.15)
In light of (2.4), this is equivalent to a condition on the local curvature, |∇2ΦJ| >
|Rc|. A useful rule of thumb to ascertain which regions of the universe are screened
or unscreened is to map out the curvature smoothed on some scale. Like the kinetic
mechanism, the departures from standard gravity are most significant today on
scales ∼> Mpc.
Choosing L ∼ H0, the strong coupling scale is
Λs ∼
√
L−2MPl ∼ (1000 km)−1 . (2.16)
As we will see in Sec. 4, however, the strong coupling scale is renormalized to
much higher values in the vicinity of massive objects, such as in the solar system.
The scalar field enjoys a galilean-like internal symmetry
φ→ φ+ c+ bµxµ , (2.17)
where bµ is an arbitrary constant 4-vector. Indeed, under this transformation both
terms in (2.14) shift by a total derivative. This is mildly broken by the coupling
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Table 2.1 Classification of screening mechanisms and their properties.
Mechanism Screening Condition Symmetry Cutoff Superluminality Scales
Chameleon φ < φc None Λs ∼ mm−1 No ∼< Mpc
Kinetic |∂φ| > Λ2s δφ = c Λs ∼ mm−1 Yes ∼> Mpc
Vainshtein |∂2φ| > Λ3s δφ = c+ bµxµ Λs ∼ (1000 km)−1 Yes ∼> Mpc
to matter, but the low cutoff value implies a tiny quantum correction to the mass
δmφ ∼ Λ2s/MPl  H0.
This theory also suffers from superluminal propagation around certain back-
grounds. In particular, radial perturbations around a spherically-symmetric source
propagate strictly superluminally, as we will see explicitly in Sec. 4. Nevertheless,
it has been argued that galileons are protected against the formation of closed
time-like curves (CTC) by a Chronology Protection (Burrage et al., 2012; Evs-
lin, 2012), analogously to what happens in GR (Hawking, 1992). Specifically, if
one tries to create a closed causal time-like curve from healthy initial conditions,
the galileon will become strongly coupled (i.e., the effective description will break
down) before the CTC can form.
One may wonder whether there are other possibilities, such as screening conditions
involving higher-derivatives of the field, e.g. |∂3φ| > M4? The answer is no, at least in
the context of Lorentz-invariant theories. The Lagrangian in this case would include
terms with n ≥ 3 derivatives per field, which would necessarily lead to higher-order
equations of motion, and hence ghost instabilities. The 3 classes listed above, with the
screening condition involving φ, ∂φ and ∂2φ, are the only possibilities. Of course one
could always consider hybrid versions of these mechanisms.
3Chameleons
The chameleon mechanism operates whenever a scalar field couples to matter in such a
way that its effective mass depends on the local matter density (Khoury and Weltman,
2004b; Khoury and Weltman, 2004a; Gubser and Khoury, 2004; Brax et al., 2004; Mota
and Shaw, 2006; Mota and Shaw, 2007). The scalar-mediated force between matter
particles can be of gravitational strength, but its range is a decreasing function of
ambient matter density, thereby avoiding detection in regions of high density. Deep
in space, where the mass density is low, the scalar is light and mediates a fifth force
of gravitational strength, but near the Earth, where experiments are performed, and
where the local density is high, it acquires a large mass, making its effects short range
and hence unobservable.
This is achieved with a canonical scalar field with suitable self-interaction potential
V (φ). The theory (in the weak-field limit and for non-relativistic matter) is given
by (2.5) and (2.6):
Lcham = −1
2
(∂φ)2 − V (φ)− gφ
MPl
ρm . (3.1)
The dimensionless coupling parameter g is assumed to be O(1), corresponding to
gravitational strength coupling. The equation of motion for φ that derives from this
Lagrangian is
∇2φ = V,φ + g
MPl
ρm . (3.2)
The immediate thing to notice is that, because of its coupling to matter, the scalar
field is governed by a density-dependent effective potential
Veff(φ) = V (φ) +
gφ
MPl
ρm . (3.3)
For suitably chosen V (φ), the effective potential can develop a minimum at some
finite field value φmin in the presence of background matter density. This is illustrated
in Fig. 3.1 for a monotonically-decreasing V (φ) and monotonically-increasing A(φ).
As shown in Fig. 3.2, the mass of small fluctuations around the minimum,
m2φ = V,φφ(φmin) , (3.4)
increases, while φmin decreases, with increasing density.
A prototypical chameleon potential satisfying these properties is the inverse power-
law form,
V (φ) =
Λ4+n
φn
. (3.5)
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Veff(φ)
φ
V (φ)
A(φ)ρ
Fig. 3.1 Schematic of the effective potential felt by a chameleon field (solid line). The
effective potential is a sum of the bare potential of runaway form, V (φ) (dashed line), and a
density-dependent piece, from coupling to matter (dotted line).
(Potentials with positive powers of the field, V (φ) ∼ φ2s with s an integer ≥ 2, are
also good candidates for chameleon theories (Gubser and Khoury, 2004).) The effective
potential in this case is given by
Veff(φ) =
Λ4+n
φn
+
gφ
MPl
ρm . (3.6)
For g > 0, this displays a minimum at
φmin =
(
nΛ4+nMPl
gρm
) 1
n+1
. (3.7)
The mass of small fluctuations around the minimum is
m2φ =
n(n+ 1)Λ4+n
φn+2min
∼ ρ
n+2
n+1
m . (3.8)
Thus φmin and m
2
φ are respectively decreasing and increasing functions of the back-
ground density ρm, as desired.
The tightest constraint on the model comes from laboratory tests of the inverse
square law, which set an upper limit of ≈ 40 µm on the fifth-force range assuming
gravitational strength coupling (Adelberger et al., 2007). This imposes the following
bound at laboratory density ρlab ∼ 10−3 g/cm3:
m−1φ (ρlab) ∼< 40 µm . (3.9)
Plugging in numbers for the inverse power-law potential, this translates to an upper
bound on the scale M (Khoury and Weltman, 2004b; Khoury and Weltman, 2004a)
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Fig. 3.2 Effective potential for a) low ambient matter density and b) high ambient density.
As the density increases, the minimum of the effective potential, φmin, shifts to smaller values,
while the mass of small fluctuations, mφ, increases.
Λ ∼< meV , (3.10)
which, remarkably, coincides with the dark energy scale. (There is some mild depen-
dence on n, which we ignore for simplicity.) This also ensures consistency with all
known constraints on deviations from GR, including post-Newtonian tests in the so-
lar system and binary pulsar observations (Khoury and Weltman, 2004b; Khoury and
Weltman, 2004a). Equation (3.9) is at best a rough guess, however, since tests of the
inverse square law are performed in vacuum chambers. A careful modeling of the Eo¨t-
Wash set-up was done in Khoury and Weltman 2004b; Khoury and Weltman 2004a,
including a calculation of the chameleon profile inside the vacuum chamber. The end
result is that Ref. (3.10) is a fairly accurate bound.
Using (3.8), the bound (3.9) translates to the following range for cosmic density
ρcosmos ∼ 10−30 g/cm3:
m−1phi(ρcosmos) ∼< Mpc . (3.11)
(This bound is achieved assuming for n  1. For n  1, on the other hand, the
upper bound becomes 10−7 pc.) The Compton wavelength of the chameleon cosmo-
logically is at least a factor of 103 shorter than the Hubble radius H−10 , which would
be a desirable value for quintessence-like behavior. In particular, chameleon effects
are Yukawa-suppressed, and GR is recovered, above the Mpc scale. This confirms the
claim made in Sec. 2 that chameleons have negligible impact on linear-scale density
perturbations today. Although derived above assuming an inverse power-law poten-
tial, the Mpc barrier is actually more general. As shown in Wang et al. (2012), this
holds under very general conditions whenever the screening condition is determined by
the local φ value, as is the case for chameleon, symmetron and varying-dilaton scalar
fields.
Nevertheless the range of the chameleon-mediated force spans a remarkable factor
of 1027 from the laboratory to the cosmos! The scalar field effectively uses the expo-
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Fig. 3.3 Sketch of the set-up for thin-shell calculation.
nentially large density of the local environment (compared to cosmological density) to
hide itself from experiments, which is why it aptly deserves the name “chameleon”.
At a typical place in the solar system, the matter density in baryonic gas and dark
matter is approximately ρsolar−system ∼ 10−25 g/cm3. The corresponding Compton
wavelength for the chameleon is
m−1φ (ρsolar−system) ∼< 106 AU , (3.12)
which is orders of magnitude larger than the size of the solar system! In other words,
the chameleon mediates a long-range force in the solar system, which should have been
seen in post-Newtonian tests of GR. Fortunately, we will see that the chameleon has
another way of hiding itself, by suppressing its coupling to massive objects, such as
the Sun or the Earth. This is the so-called thin-shell effect, which we describe next.
3.1 Spherically symmetric source and thin-shell effect
In order to understand in detail how the chameleon force is suppressed in the presence
of high ambient density, we want to solve the field profile in the presence of a massive
compact object, following Khoury and Weltman (2004a). We consider a spherically
symmetric object with radius R, homogeneous density ρin and total mass M . Further,
we imagine that this object is immersed in a homogeneous medium with density ρout.
In the case of the Sun or the Earth, this is meant to model the density of the ambient
baryonic gas and dark matter.
The scalar equation of motion (3.2) for a static and spherically-symmetric back-
ground reduces to
d2φ
dr2
+
2
r
dφ
dr
= V,φ + g
ρ
MPl
, (3.13)
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where the density profile is given by
ρm(r) =
{
ρin ; r < R
ρout ; r > R
, (3.14)
with corresponding minima of the effective potential denoted by φmin and φout, respec-
tively. The corresponding mass mφ around these minima will be similarly denoted.
The situation is sketched in Fig. 3.3. As boundary conditions, the field profile must
be regular at the origin, dφ/dr = 0 at r = 0, and minimize the effective potential far
from the source, φ→ φout as r →∞.
It is instructive to derive the general solution through simple analytical argu-
ments (Khoury and Weltman, 2004b; Khoury and Weltman, 2004a). For a sufficiently
large body, in a sense that will be made precise below, the field approaches the mini-
mum of its effective potential deep in the interior:
φ ' φin ; r < R . (3.15)
Outside the object, but still within an ambient Compton wavelength away (r < m−1out),
the field profile is approximately 1/r:
φ ' C
r
+ φout ; R < r < m
−1
out , (3.16)
where we have imposed the boundary condition φ→ φout as r →∞. The constant C
is fixed by matching (3.15) and (3.16) at the surface of the object, i.e., φ(r = R) = φin.
As a result, the exterior solution is
φ ' −R
r
(φout − φin) + φout . (3.17)
The above solution admits a nice analogy with electrostatics (Jones-Smith and
Ferrer, 2012; Pourhasan et al., 2011). Indeed, since ∇2φ ' 0 both inside and outside
the source, the body acts as a conducting sphere. Any chameleon charge is confined to a
thin shell of thickness ∆R near the surface. The surface “charge density” gρin∆R/MPl
supports the discontinuity in field gradients:
dφ
dr
∣∣∣∣
r=R+
=
gρin
MPl
∆R . (3.18)
Substituting (3.17), we can solve for the shell thickness:
∆R
R
=
φout − φin
6gMPlΦ
, (3.19)
where Φ ≡ M
8piM2
Pl
R
is the surface gravitational potential. For consistency, we should
have ∆R R. An object is therefore said to be screened if
φout − φin
6gMPlΦ
 1 . (3.20)
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The exterior field profile in this case can be written as
φ(r > R) ' − g
4piMPl
3∆R
R
Me−mout(r−R)
r
(screened) , (3.21)
where we have restored the Yukawa exponential. This profile is identical to that of
a massive scalar of mass mout, except that the coupling is reduced by the thin-shell
factor ∆R/R 1.
Clearly the above approximations break down if φout−φin6gMPlΦ ∼> 1. For fixed density
contrast, this corresponds to a weak source (i.e., one with small Φ). In this regime,
the coupling is not suppressed, and the object is said to be unscreened:
φ(r > R) ' − g
4piMPl
Me−mout(r−R)
r
(unscreened) . (3.22)
This is the usual Yukawa profile for a massive scalar.
This chameleon screening effect can also be understood qualitatively as follows.
If the object is sufficiently massive such that deep inside the object the chameleon
minimizes the effective potential for the interior density, then the mass of chameleon
fluctuations is relatively large inside the object. As a result, the contribution from the
core to the exterior profile is Yukawa-suppressed. Only the contribution from within a
thin shell beneath the surface contributes significantly to the exterior profile. In other
words, since the chameleon effectively couples only to the shell, whereas gravity of
course couples to the entire bulk of the object, the chameleon force on an exterior test
mass is suppressed compared to the gravitational force.
3.2 Experimental/Observational Tests
The idea that the manifestation of a fifth force is sensitive to the environment has
spurred a lot of activity. Astrophysically, chameleon scalars affect the internal dy-
namics (Hui et al., 2009; Jain and VanderPlas, 2011) and stellar evolution (Chang
and Hui, 2011; Davis et al., 2012; Jain et al., 2012) of dwarf galaxies residing in void
or mildly overdense regions. In the laboratory, chameleons have motivated multiple
experimental efforts aimed at searching for their signatures:
• The Eo¨t-Wash experiment searches for deviations from the inverse-square-law at
distances >∼ 40 µm. Based on detailed theoretical predictions (Upadhye et al., 2006),
the Eo¨t-Wash group analyzed their data to constrain part of the chameleon parameter
space (Adelberger et al., 2007).
• If chameleons interact with the electromagnetic field via eβγφFµνFµν , then photons
traveling in a magnetic field will undergo photon/chameleon oscillations, similar to
axions. The CHameleon Afterglow SEarch (CHASE) experiment (Chou et al., 2009;
Steffen et al., 2010) has looked for an afterglow from trapped chameleons convert-
ing into photons. Similarly, the Axion Dark Matter eXperiment (ADMX) resonant
microwave cavity was used to search for chameleons (Rybka et al., 2010). Photon-
chameleon mixing can occur deep inside the Sun (Brax and Zioutas, 2010) and affect
the spectrum of distant astrophysical objects (Burrage et al., 2009).
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Through the nice analogy between chameleon screening and electrostatics (Jones-
Smith and Ferrer, 2012; Pourhasan et al., 2011) mentioned above, a novel experimental
test of chameleons has been proposed recently that would exploit an enhancement
of the scalar field near the tip of pointy objects — a“lightning rod” effect (Jones-
Smith and Ferrer, 2012). See Brax et al. (2010) for a discussion of collider signatures,
and Upadhye (2013) for signatures of symmetron in the laboratory.
The most striking signature of chameleons can be found by testing gravity in space.
Because the screening condition depends on the ambient density, small bodies that are
screened in the laboratory may be unscreened in space. This leads to striking predic-
tions for future satellite tests of gravity, such as the planned MicroSCOPE mission1
and STE-QUEST2. In particular, chameleons can result in violations of the (weak)
Equivalence Principle in orbit with η ≡ ∆a/a  10−13, in blatant conflict with lab-
oratory constraints. Similarly, the total force — gravitational + chameleon-mediated
— between unscreened particles can be O(1) larger than in standard gravity, which
would appear as O(1) deviations from the value of GN measured on Earth.
1http://microscope.onera.fr/
2http://sci.esa.int/science-e/www/area/index.cfm?fareaid=127
4Galileons
Galileons are scalar field theories with a number of remarkable properties. The simplest
galileon theory (Deffayet et al., 2002; Luty et al., 2003; Nicolis and Rattazzi, 2004) was
originally discovered as a particular decoupling limit of the Dvali-Gabadadze-Porrati
model (Dvali et al., 2000; Dvali and Gabadadze, 2001). This was generalized by Nico-
lis et al. (2009) to enumerate all possible galileon terms.1 Galileons also appear in
the decoupling limit of the de Rham-Gabadadze-Tolley (dRGT) massive gravity theo-
ries (de Rham et al., 2011; de Rham et al., 2011; Hassan and Rosen, 2012; Hinterbich-
ler, 2012) and its extensions (D’Amico et al., 2013; Gabadadze et al., 2012), as well
as cascading gravity (de Rham et al., 2008a; de Rham et al., 2008b; de Rham et al.,
2009; de Rham et al., 2010; Agarwal et al., 2010; Agarwal et al., 2011).
Galileons have been covariantized (Deffayet et al., 2009b; Deffayet et al., 2009a),
used to drive cosmic acceleration (Chow and Khoury, 2009; Silva and Koyama, 2009;
De Felice et al., 2011; Deffayet et al., 2010b), applied to inflation (Burrage et al.,
2011b; Creminelli et al., 2011; Mizuno and Koyama, 2010; De Felice and Tsujikawa,
2011; Kobayashi et al., 2011; Renaux-Petel, 2011; Gao and Steer, 2011; Renaux-Petel
et al., 2011), and employed as a self-tuning mechanism (Charmousis et al., 2012;
Copeland et al., 2012). They have inspired novel scenarios of the early universe, specif-
ically Galilean Genesis and related scenarios (Creminelli et al., 2010; Hinterbichler and
Khoury, 2012; Perreault Levasseur et al., 2011; Liu et al., 2011; Qiu et al., 2011; Wang
and Brandenberger, 2012; Liu and Piao, 2013; Hinterbichler et al., 2012a; Creminelli
et al., 2013a; Creminelli et al., 2013b; Hinterbichler et al., 2012b; Hinterbichler et al.,
2013a).
Galileons have been extended to p-forms (Deffayet et al., 2010a), multiple fields (Padilla
et al., 2010; Padilla et al., 2011b; Padilla et al., 2011a; Hinterbichler et al., 2010), and
to more general backgrounds (Goon et al., 2011c; Burrage et al., 2011a; Goon et al.,
2011a; Goon et al., 2011b). See Khoury et al. 2011a; Khoury et al. 2011b; Koehn et al.
2012; Koehn et al. 2013b; Koehn et al. 2013a for recent embeddings of galileons and
general higher-derivative scalar theories in supersymmetry and supergravity.
At the heart of the phenomenological viability of these theories is the Vainshtein
screening mechanism (Vainshtein, 1972; Arkani-Hamed et al., 2003; Deffayet et al.,
2002). This relies on derivative couplings of a scalar field becoming large in the vicinity
of massive sources. These non-linearities crank up the kinetic term of perturbations,
thereby weakening their interactions with matter.
1Historically, these scalar field theories were actually discovered much earlier (Horndeski, 1974;
Fairlie and Govaerts, 1993; Fairlie and Govaerts, 1992; Fairlie et al., 1992).
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4.1 Galileon Basics
The defining properties of galileons are: i) their equations of motion are second-order;
ii) they enjoy the “galilean” shift symmetry
pi → pi + c+ bµxµ . (4.1)
The simplest, non-trivial theory with these properties is the cubic galileon theory given
in Eq. (2.14):
Lgal = −3(∂pi)2 − 1
Λ3s
2pi(∂pi)2 − g
MPl
piρm . (4.2)
(To conform to the literature, we denote the galileon scalar by pi, with appropriately
rescaled its kinetic term.) To check property ii), it is clear that, apart from the coupling
to matter, the scalar terms are strictly invariant under the ordinary shift symmetry
δpi = c. They also shift by a total derivative under δpi = bµx
µ, as can be checked
explicitly:
δ(∂pi)2 = 2bµ∂µpi = 2∂µ(b
µpi) ;
δ
(
(∂pi)22pi
)
= 2bµ∂µpi2pi = −2bµ∂µ∂νpi∂νpi = −∂µ
(
bµ(∂pi)2
)
, (4.3)
where we have integrated by parts a bunch of times. Hence this is a symmetry of the
action.
To check property i), we vary (4.2) to obtain the equation of motion:
32pi +
1
Λ3s
(
(2pi)2 − (∂µ∂νpi)2
)
=
g
2MPl
ρm . (4.4)
This equation is of course non-linear, but nevertheless second-order — the same
amount of initial data as for an ordinary scalar field must be supplied to obtain a
unique solution.
Since the cubic interaction term is non-renormalizable, we should treat (4.2) as an
effective field theory with cutoff Λs and allow all possible operators consistent with
the symmetries2
L = −3(∂pi)2 − 1
Λ3s
2pi(∂pi)2 +
∞∑
n=3
cn
Λ3n−4s
(2pi)n − g
MPl
piρm , (4.5)
where the cn’s are all of O(1). Even if the cn’s are set to zero classically, they will be
generated by quantum corrections. Now, the Vainshtein mechanism (Vainshtein, 1972;
Deffayet et al., 2002) relies on the 2pi(∂pi)2 term becoming large compared to the
kinetic term (∂pi)2 near massive objects, that is, 2pi  Λ3s . In this regime, one would
expect that all higher-order operators (2pi)n become important as well, signaling a
breakdown of the effective field theory.
Contrary to this naive expectation, there is in fact a regime where the galileon term
can dominate while all other operators are negligible. This is because the action (4.5)
2We ignore higher-order galileon terms for simplicitly. This is a technically natural choice since
these terms do not get generated by quantum corrections (Hinterbichler et al., 2010).
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actually involves two expansion parameters (Luty et al., 2003; Nicolis and Rattazzi,
2004): a classical expansion parameter,
αcl ≡ 2pi
Λ3s
, (4.6)
measuring the strength of classical non-linearities; and a quantum expansion parame-
ter,
αq ≡ ∂
2
Λ2s
, (4.7)
measuring the relevance of quantum corrections. We will see that there are situations
where classical non-linearities are important (αcl  1) while quantum corrections re-
main under control (αq  1). This is because the (2pi)n operators have two derivatives
per field, and hence are suppressed by powers of αq relative to the galileon term.
Another remarkable fact is that the cubic galileon term does not get renormal-
ized (Luty et al., 2003; Hinterbichler et al., 2010). Indeed, all terms generated at
one-loop are of the schematic form
Γ1−loop ∼
∑
m
[
Λ4s + Λ
2
s∂
2 + log
(
∂2
Λ2s
)
∂4
](
∂∂pi
Λ3s
)m
, (4.8)
and hence involve 2 derivatives per pi.3 The galileon term, having 3 pi’s and 4 ∂’s, is
therefore not renormalized.
4.2 Solution around spherically-symmetric source
Let us illustrate this in the context of Vainshtein screening for a static point source
of mass M , so that Tµµ = −Mδ(3)(~x). For static, spherically-symmetric ansatz, (4.4)
reduces to (Nicolis and Rattazzi, 2004)
~∇ ·
(
6 ~E + rˆ
4
Λ3s
E2
r
)
=
gM
MPl
δ(3)(~x) , (4.10)
where
~E ≡ ~∇pi . (4.11)
Integrating over a sphere centered at the origin, this implies
6E +
4
Λ3s
E2
r
=
gM
4pir2MPl
. (4.12)
Remarkably, this equation is algebraic in E, and can be readily solved:
3This traces back to the special structure of the cubic vertex. Through integration by parts, one
can always arrange for an external leg piext to be hit by 2 derivatives, e.g.,
∂µpi∂
µpiext2pi = −∂ν∂µpi∂νpi∂µpiext − ∂µpi∂νpi∂µ∂νpiext
=
1
2
(∂pi)22piext − ∂µpi∂ν∂µ∂νpiext . (4.9)
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E± =
Λ3s
r
(
±
√
9r4 + 4r3Vr − 3r2
)
(4.13)
where we have introduced the Vainshtein radius
rV ≡ 1
Λs
(
gM
4piMPl
)1/3
=
(
g rSchL
2
)1/3
, (4.14)
where rSch =
M
4piM2
Pl
is the Schwarzschild radius of the source, and where, as in (2.16),
we have expressed the strong coupling scale as Λs ≡ (L−2MPl)1/3.
This nontrivial profile is crucial to the Vainshtein effect. Below we consider two
regimes. For this purpose, we will focus on the “+” branch, with E → 0 as r →∞. (The
“−” branch, which asymptotically matches to the self-accelerated solution (Deffayet,
2001), has unstable (i.e., ghost-like) perturbations (Luty et al., 2003; Charmousis et al.,
2006; Gregory et al., 2007).)
• r  rV: Far from the source, the solution approximates a 1/r2 profile,
E(r  rV) = 3Λ
3
sr
4
(√
1 +
4r3V
9r3
− 1
)
' g
3
· M
8piMPlr2
. (4.15)
Correspondingly, the galileon force, Fpi = g|∇pi|, is g2/3 times the gravitational
force:
Fpi
Fgravity
∣∣∣∣
rrV
' g
2
3
. (4.16)
(For DGP, for which g = 1, this reproduces the famous 1/3 enhancement.) In this
regime, both expansion parameters are small4:
αcl ∼
(rV
r
)3
 1 ; αq ∼ 1
(rΛs)2
 1 , (4.17)
hence classical non-linearities and quantum corrections are both unimportant.
• r  rV: Close to the source, the solution reduces to
E ' Λ
3
s
2
r
3/2
V√
r
∼ 1√
r
. (4.18)
The galileon force is therefore suppressed compared to gravity at distances much
less than the Vainshtein radius:
Fφ
Fgravity
∣∣∣∣
rrV
∼
(
r
rV
)3/2
 1 . (4.19)
In this regime, the classical non-linearity parameter is of course large,
4We assume M MPl, so that Λ−1s  rV.
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Fig. 4.1 Different regimes for a) Galileons and b) GR. In both case, the far region (r  rV
for Galileons; r  rSch for GR) corresponds to the weak-field regime, where the description is
both weakly-coupled and classical. In the intermediate region (Λ−1s  r  rV for Galileons;
M−1Pl  r  rSch for GR), the description is still classical but strongly non-linear. Below the
strong coupling scale (r  Λ−1s for Galileons; r  M−1Pl for GR), the description becomes
fully quantum.
αcl ∼
(rV
r
)3/2
 1 , (4.20)
while the quantum parameter is the same as before:
αq ∼ 1
(rΛs)2
. (4.21)
At distances r  Λ−1s , quantum corrections are under control and the classical
solution can be trusted. Sufficiently close to the source, r  Λ−1s , quantum cor-
rections become important and the effective field theory breaks down. (In fact,
this conclusion is too conservative — we will review shortly that perturbations
acquire a large kinetic term ∼ (rV/r)3/2, which upon canonical normalization
translates to a higher effective cutoff.)
Thus, as advocated, there is a window, namely Λ−1s  r  rV, where classical non-
linearities are important while quantum effects are under control. The various regimes
are illustrated in Fig. 4.1a).
This is closely analogous to what happens in GR (Hinterbichler et al., 2010). The
Einstein-Hilbert action, expanded in powers of the canonically-normalized metric per-
turbation gµν = ηµν +
hµν
MPl
, is schematically of the form
LGR = M
2
Pl
√−gR = h∂∂h+
∑
n≥3
hn−1∂∂h
Mn−2Pl
, (4.22)
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where we have suppressed indices for simplicity. In other words, the action consists
of a kinetic term h∂∂h, and an infinite number of interaction terms with exactly two
derivatives and arbitrary powers of h/MPl. Like the galileon cubic term, the relative
coefficients of these terms are not renormalized, thanks to diffeomorphism invariance.
The measure of classical non-linearity is
αgrav.cl =
h
MPl
. (4.23)
Quantum effects generate higher-curvature terms, which expanded in h are of the form
Lhigher−curv. =
√−gR2, √−gRµνRµν . . . =
∑
n≥2, m≥4
∂mhn
Mm+n−4Pl
. (4.24)
These are suppressed relative to classical operators by powers of the factor
αgrav.q =
∂2
M2Pl
. (4.25)
A point source induces the spherically-symmetric profile h ∼ rSchr , for which
αgrav.cl ∼
rSch
r
; αgrav.q ∼
1
M2Plr
2
. (4.26)
Therefore, for r  rSch (such as in the solar system), classical non-linearities are
unimportant, whereas for r  rSch (such as inside and near the horizon of a black
hole) they dominate. Meanwhile, quantum effects are negligible for r  1MPl but
become important near and below the Planck length. The black hole horizon is the
analogue of the Vainshtein radius: this is where classical non-linearities are large and
produce important effects, while quantum effects are under control. This is illustrated
in Fig. 4.1b).
4.3 Perturbations around the spherically-symmetric background
Further light can be shed on the Vainshtein mechanism by considering perturbations
around the spherically-symmetric background. Expanding (4.2) in perturbations ϕ =
φ− φ¯ gives5 (Adams et al., 2006)
Lϕ =
[
3 +
2
Λ3s
(
E′ +
2E
r
)] (
ϕ˙2 − (∂Ωϕ)2
)− [3 + 4
Λ3s
E
r
]
(∂rϕ)
2
− 1
Λ3s
2ϕ(∂ϕ)2 +
g
MPl
ϕTµµ
∼
(rV
r
)3/2(
ϕ˙2 − (∂Ωϕ)2 − 4
3
(∂rϕ)
2
)
− 1
Λ3s
2ϕ(∂ϕ)2 +
g
MPl
ϕTµµ. (4.27)
where in the last step we have assumed r  rV and substituted the expression (4.18)
for E deep inside the Vainshtein radius.
5Here ∂Ω denotes the usual angular derivatives.
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The key point to notice is that the kinetic term is multiplied by an enhancement
factor of
(
rV
r
)3/2  1, telling us that perturbations acquire a large inertia near a
massive source. Said differently, in terms of the canonically-normalized variable ϕc ∼(
rV
r
)3/4
ϕ, the effective coupling to matter is reduced to
geff ∼ g
(
r
rV
)3/4
 g , (4.28)
indicating that galileon perturbations decouple from matter. Moreover, the strong
coupling scale Λs is renormalized to a higher scale
Λeffs ∼ Λs
(rV
r
)3/4
 Λs , (4.29)
indicating that perturbations have weaker self-interactions.
Another noticeable feature of (4.27) is that the speed of propagation in the radial
direction is superluminal:
cradials =
√
4
3
. (4.30)
This is a generic feature of galileons — since galileon interactions are derivative inter-
actions, a galileon background (even an arbitrarily weak one) will deform the light-
cone for perturbations in such a way that there is always a direction along which
the speed of propagation is superluminal (Nicolis et al., 2010). When galileons are
coupled to Lorentz-invariant matter, this allows for the formation of closed time-like
curves (CTCs). Nevertheless, it has been conjectured (Burrage et al., 2012; Evslin,
2012) that galileons may be protected from the formation of CTCs by a Chronology
Protection, analogously to GR (Hawking, 1992). In other words, if one tries to create a
CTC from healthy initial conditions, the galileon effective field theory will break down
before the formation of the CTC (Burrage et al., 2012). Moreover, it was pointed out
recently (Creminelli et al., 2013c; de Rham et al., 2013) that galileon theories admit-
ting superluminality can sometimes be mapped through field redefinitions to healthy
galileon theories, indicating that the apparent superluminalty is unphysical. This issue
clearly deserves further scrutiny.
4.4 Observational Test
The strongest bound on the cubic galileon comes from Lunary Laser Ranging (LLR)
observations. (For a review, see Nordtvedt (2003).) Integrated over the last 30 years,
LLR monitoring constrain the Moon’s orbit to ∼< cm accuracy.
Deep inside the Vainshtein radius, the galileon-mediated force given by (4.19),
albeit weak, gives a small correction to the Newtonian potential:
δΦ
Φ
' g
2
2
(
r
rV
)3/2
. (4.31)
The current constraint from LLR observations is (Murphy et al., 2012)
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δΦ
Φ ∼< 2.4× 10
−11 . (4.32)
Recalling the definition of the Vainshtein radius rV ≡
(
rSchL
2
)1/3
, and substituting
rSch = 0.886 cm for the Earth, and r = 3.84× 1010 cm for the Earth-Moon distance,
the LLR constraint translates to a bound on L (Dvali et al., 2003; Dvali et al., 2007;
Afshordi et al., 2009):
L ∼>
H−10
20 g3/2
' 150g−3/2 Mpc , (4.33)
where H−10 ' 1028 cm ' 3000 Mpc is the Hubble radius. The Apache Point Observa-
tory Lunar Laser-ranging Operation (APOLLO) (Murphy et al., 2012) is expected to
improve this bound by a factor of 10. For g ∼ 1 this would push L to values larger
than H−10 . Somewhat weaker constraints on L have also been obtained (in the context
of the DGP model) by studying the effect on planetary orbits (Battat et al., 2008).
An important property of galileons is that black holes carry no galileon hair (Hui
and Nicolis, 2013; Kaloper et al., 2011), while stars of course couple to the galileon.
This leads to an interesting observational signatures: in the presence of an exter-
nal linear gradient, an astrophysical black hole should be offset (by an observable
amount) from the center of its host galaxy (Hui and Nicolis, 2012). Cosmologically,
the galileon-mediated force becomes important at late times and on large scales. This
affects various linear-scale observables (Song, 2008; Afshordi et al., 2009; Lombriser
et al., 2009), such as enhanced large scale bulk flows (Wyman and Khoury, 2010;
Khoury and Wyman, 2009), infall velocities (Zu et al., 2013) and weak-lensing sig-
nals (Wyman, 2011). See Khoury and Wyman 2009; Schmidt 2009; Chan and Scocci-
marro 2009; Wyman et al. 2013 for N-body simulations.
4.5 General galileons
Beyond the cubic galileon (4.2), there are exactly 5 independent terms in 4 dimen-
sions which shift by a total derivative under (4.1), and whose equations of motion are
second order.6 (More generally, there are D+ 1 galileon terms in D dimensions.) In 4
dimensions, they take the form
L1 = pi ;
L2 = −(∂pi)2 ;
L3 = −(∂pi)22pi ;
L4 = −(∂pi)2
(
(2pi)2 − (∂µ∂νpi)2
)
;
L5 = −(∂pi)2
(
(2pi)3 + 2(∂µ∂νpi)
3 − 32pi(∂µ∂νpi)2
)
. (4.34)
In other words, to the cubic action (4.2), which comprises L1, L2 and L3, one can also
add L4 and L5. None of these terms are renormalized at any order in perturbation
6This is a consequence of the fact that these are Wess-Zumino terms for spontaneously broken
space-time symmetries (Goon et al., 2012).
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theory (Hinterbichler et al., 2010). These more general galileons arise, for instance, in
the decoupling limit of dRGT massive gravity (de Rham et al., 2011; de Rham et al.,
2011; Hinterbichler, 2012).
Remarkably, the galileons form an Euler hierarchy (Fairlie and Govaerts, 1993;
Fairlie and Govaerts, 1992; Fairlie et al., 1992; Fairlie, 2011). An Euler hierarchy is a
sequence of Lagrangians {L2, L3, . . .} such that:
• Ln+1 = L2(E Ln), for all n ≥ 2, where E Ln denotes the Euler-Lagrange equation
for Ln.
• Ln depends on ∂pi, ∂2pi, but not on higher derivatives of the field.
• The procedure terminates. In D dimensions, one gets exactly D terms in the
sequence: {L2, . . . , LD+1}. In particular, LD+2 is a total derivative.
To see how (4.34) can be built as an Euler hierarchy, we start with L2 = −(∂pi)2
and obtain
E L2 = 2pi
=⇒ L3 = L2(E L2) = −(∂pi)22pi , (4.35)
which indeed agrees with L3. Similarly,
E L3 = (2pi)
2 − (∂µ∂νpi)2
=⇒ L4 = L2(E L3) = −(∂pi)2
(
(2pi)2 − (∂µ∂νpi)2
)
, (4.36)
which correctly reproduces L4, and so on.
Exercise: Derive the Euler hierarchy starting from L2 = −
√
1 + (∂pi)2 to obtain the
DBI galileons. See Eqs. (38)-(41) of de Rham and Tolley (2010) for the answer.
The galileon Lagrangians (4.34) can be expressed succinctly as
Ln+1 = nη
µ1ν1µ2ν2···µnνn∂µ1pi∂ν1pi∂µ2∂ν2pi · · · ∂µn∂νnpi . (4.37)
The tensor η is defined by
ηµ1ν1···µnνn ≡ 1
n!
∑
p
(−1)p ηµ1p(ν1)ηµ2p(ν2) · · · ηµnp(νn) (4.38)
where the sum is over all permutations of the ν indices, with (−1)p denoting the sign
of the permutation. The η tensor is
• anti-symmetric in the µ indices;
• anti-symmetric in the ν indices;
• symmetric under (µi, νi)↔ (µj , νj).
In this form it is clear why the equations of motion are second order. Indeed, the
dangerous higher-derivative terms are of the form
E Ln+1 ⊃ ηµ1ν1···µnνn∂ν1pi∂µ2∂ν2pi · · · ∂µ1∂µn∂νnpi , (4.39)
but this vanishes because ηµ1ν1···µnνn∂µ1∂µnpi = 0 by the anti-symmetry property of
η in the µ indices. Hence the equation of motion involves exactly two derivatives per
pi, and is therefore manifestly invariant under the galilean symmetry (4.1).
5Summary
This is truly an exciting time for cosmology. We have a standard cosmological model,
the ΛCDM model, which thus far successfully accounts for all observational data.
It is remarkably predictive: with a single number Λ parametrizing dark energy, the
expansion and growth histories are uniquely predicted. In the next few years, the
standard model will be confronted by a host of increasingly powerful probes of the
large scale structure, such as the Dark Energy Survey1, BigBOSS2, the Large Synoptic
Survey Telescope3 and EUCLID4. These precision experiments will test the ΛCDM
model to unprecedented accuracy and may well reveal the existence of “beyond-the-
standard-model” physics, in the form of new light degrees of freedom in the dark
sector.
In these Lectures, we reviewed various extensions of the ΛCDM model character-
ized by additional scalar fields. In order to reproduce the successful phenomenology of
GR in the solar system, these scalars must effectively decouple from matter on solar
system/laboratory scales. This can be achieved through screening mechanisms, which
rely on the high density of the local environment (relative to the mean cosmologi-
cal density) to suppress deviations from standard gravity. The manifestation of the
new degrees of freedom (generally scalar fields) therefore depends sensitively on their
environment, which in turn leads to striking experimental signatures.
We presented 3 screening mechanisms, characterized by whether non-linearities
are triggered by the local field value φ (chameleon), the first derivative of the field ∂φ
(k-Mouflage), or its second derivative ∂2φ (Vainshtein). Observationally, the resulting
modifications are most pronounced, respectively, in regions of low Newtonian potential
Φ (chameleon), low acceleration a = |∇Φ| (k-Mouflage), and low curvature R = |∇2Φ|
(Vainshtein). Chameleon effects are important on non-linear scales today (∼< Mpc),
while k-Mouflage/Vainshtein effects are important on linear scales today (∼> Mpc).
A tantaliziing feature of these mechanisms is that they also make testable predic-
tions for local tests of gravity. The most striking signature of chameleons can be found
by testing gravity in space. Because the screening condition depends on the ambient
density, small bodies that are screened in the laboratory may be unscreened in space.
This leads to striking predictions for future satellite tests of gravity, such as the planned
1https://www.darkenergysurvey.org/.
2http://cosmology.lbl.gov/BOSS/.
3http://www.lsst.org/lsst.
4http://sci.esa.int/science-e/www/area/index.cfm?fareaid=102.
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MicroSCOPE mission5 and STE-QUEST6. In particular, chameleons can result in vio-
lations of the (weak) Equivalence Principle in orbit with η ≡ ∆a/a 10−13, in blatant
conflict with laboratory constraints. Similarly, the total force between unscreened par-
ticles can be O(1) larger than in standard gravity, which would be interpreted as O(1)
deviations from the value of GN measured on Earth.
The Vainshtein mechanism lead to small, but testable, deviations from 1/r gravity
in the solar system. The most sensitive probe is Lunar Laser Ranging, which monitors
the orbit of the Moon to incredible accuracy. The ongoing APOLLO experiment has the
sensitivity to place interesting constraints on the simplest galileon theories. Specifically,
it can probe galileons whose characteristic scale L is of order of the present Hubble
radius.
5http://microscope.onera.fr/
6http://sci.esa.int/science-e/www/area/index.cfm?fareaid=127
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